In Escherichua coli, the frequencies of ISSO and TnS transposition are greater in Dam-cells Transposon Tn5 is a composite of two inverted IS50 sequences that flank a unique DNA sequence encoding resistance to several antibiotics ( Fig. 1) (1, 13, 16, 23, 33 IHF is a histone-like protein with a molecular weight of about 20,000 that consists of an alpha and a beta subunit, each with a molecular weight of about 11,000, which are encoded by himA and himD, respectively (6, 26). IHF protein binds to specific DNA sites with a consensus of YAANNNNTTGATW
Transposon Tn5 is a composite of two inverted IS50 sequences that flank a unique DNA sequence encoding resistance to several antibiotics ( Fig. 1) (1, 13, 16, 23, 33) . Each IS50 is defined by two end sequences, the inside end (IE) and the outside end (OE), which are required for IS50 transposition (33) . Tn5 utilizes two inverted OE's for its own transposition. Only IS5OR encodes the transposase protein required for transposition of both IS50 and Tn5 (13, 15, 16, 33) . Host-encoded factors also promote and modulate the levels of IS50 and Tn5 transposition. The DnaA protein promotes (31, 40) and Dam methylase decreases (21, 24, 39) IS50 and TnS transposition through specific interactions with IS50 DNA. Other host factors appear to influence the level of IS50 and Tn5 transposition through either indirect or nonspecific interactions with IS50. Some of these factors are lonA (35) , sulA (35) , gyrA (14) , polA (34, 37) , and lexA and recA (J. C. Makris, M. D. Weinreich, and W. S. Reznikoff, manuscript in preparation). Host factors involved in modulating transposition may do so by either modulating the activities of factors required for transposition, such as the level of P1 transposase expression or the activity of the IE through methylation, or by fulfilling a structural requirement for transposition. This report presents evidence that the protein known as integration host factor, or IHF, is involved in modulating the level of IS50 and Tn5 transposition in cells which lack the GATC Dam methylase activity. IHF appears to act as an accessory factor that is not required for transposition but that can enhance it under certain conditions.
IHF is a histone-like protein with a molecular weight of about 20,000 that consists of an alpha and a beta subunit, each with a molecular weight of about 11 ,000, which are encoded by himA and himD, respectively (6, 26) . IHF protein binds to specific DNA sites with a consensus of YAANNNNTTGATW (10, 20) , although it has also been T Present address: Laboratoire de Bact6riologie-Virologie, H6p-ital de la Piti6-Salpdtri&re, 75641 Paris Cedex 13, France.
found to bind to specific sites that bear no homology to this consensus (19a) . In most cases IHF has been shown to bend DNA upon binding (34) .
IHF is involved in many cellular processes. It regulates the level of expression of several genes. These genes include ilv (7, 9) , pifCAB (17) , and pip of phage Mu (18) . It is involved in many site-specific recombination reactions. Examples of these reactions include those associated with bacteriophages lambda (25) and +80 and P22 (20) . IHF plays a role in many DNA replication systems. The gamma origin of replication of plasmid R6K requires IHF for initiation of DNA replication (5) . Involvement of IHF has been shown to be required for maintenance and replication of bacteriophage Fl through a direct interaction with the Fl origin of replication (12) . DNA replication from the E. coli oriC is enhanced in vitro in the presence of IHF (2) . IHF has been studied in relationship to three transposition systems: IS10, IS1, and Mu. It has been shown to affect the level and distribution of IS10-mediated circle formation in vitro in a way that is dependent on the state of Dam methylation of the inside end of IS10 (29) . A sequence with homology to the canonical IHF binding site was found in IS10. Through deletion analysis, this sequence was shown to play a role in this reaction (29) . IHF has been shown to bind to and bend specific sequences on the ends of IS1, although the role of IHF in IS1 transposition has not been determined (10 and galE alleles from strain M8302 to generate strains JCM100 and JCM101 and a himD deletion from strain RW1717 (38) to generate strains JCM101 and JCM103. Strains JCM109 and JCM11O were produced by mating the pOX38-gen episome (16) into strains JCM100 and JCM101. The series of isogenic strains used to evaluate the role of the himA deletion in IS50 and Tn5 transposition were derived from parent strains K-37 and K-2691 (11). Strain K-2691 contains the himAASma deletion of the carboxy terminus of himA (11) . A lac deletion linked to a Kanr marker was transduced, via P1 phage, into strains K-37 and K-2691. Lac-candidate strains were screened for on MacConkey-lactose media containing kanamycin (40 ,ug/ml). The strains created in this way are JCM104 and JCM105, respectively. Strains JCM106 and JCM107 were derived from JCM104 and JCM105 by transduction of dam::Tn9 from the strain 48.01 (21, 39) .
To ensure that strains had the correct Dam methylase phenotype, plasmid pRZ1495 was prepared from each strain and the sensitivity to restriction endonucleases MboI and DpnI was determined (3) .
To determine whether a strain was deficient for the IHF, two in vivo tests were used. Bacteriophage Mu plaques will not form on a lawn of cells deficient for IHF protein expression (27) ; thus, all strains were tested for their ability to support Mu infection. The second test was based on the requirement for IHF for replication from the gamma origin of plasmid R6K (5). All strains used in this study were assayed for their ability to maintain the plasmid pRK526, which contains the R6K gamma origin for replication. Plasmid constructs. Plasmids pRZ1495 (21), pRZ1496 (21), and pRZ1497 (22) are shown in Fig. 2 . Plasmids pRZ901 and pRZ909 (39) encode lacZ fusions to the IS50 proteins (see Fig. 4 ).
Transposition assays. Transposition assays were performed through two independent methods: qualitatively through a papillation assay and quantitatively through a mating-out assay (16, 19, 21) .
Papillation assays were performed by the method of Krebs and Reznikoff (19) . All strains were transformed with plasmids pRZ1495, pRZ1496, and pRZ1497. These plasmids contain a TnS-lacZ construct that lacks transcriptional and translational signals for lacZ. A strain which contains one of these plasmids can express 3-galactosidase as a consequence of the transposon transposing into an appropriate reading frame such that a ,B-galactosidase fusion protein is made. Thus, Lac-cells bearing these plasmids will form red papillae on lactose-MacConkey medium if transposition occurs. Host mutations that alter the transposition rate can be identified by monitoring the accumulation of papillae in several colonies over a given time period (19, 21 172, 1990 The doubling time of each strain containing these plasmids measured in the presence of tetracycline (15 mg/liter) showed that all strains within an isogenic series grew at the same rate.
The mating-out transposition assay was performed by the procedure of Johnson et al. (16) . The conditions used are described in Makris et al. (21) . This assay allows a quantitative determination of the transposition frequency and permits an independent confirmation of the transposition phenotype as determined by the papillation assay. Unfortunately, strains that are deficient for IHF are unsuitable for this assay because they are unable to maintain stably an F plasmid episome such as pOX38-gen (10, 17) . They are also unsuitable for transposition assays that require lambda phages which require IHF for both integration and excision from the att site in the chromosome (25, 27, 38) . We compared the papillation levels of strains with transposition frequencies determined by the mating-out assay with the papillation levels of those strains in which the mating-out assay was not possible.
,I-Galactosidase assays. All f-galactosidase assays were performed by the method described by Miller (28) .
Gel retardation assays. Gel retardation assays were performed by two techniques. The first technique enables the screening of large restriction fragments, ca. 500 bp, derived from IS50 for any significant alteration in their migration when subjected to agarose gel electrophoresis in the presence of IHF (5). Protein-DNA complexes were formed by adding dilutions of purified IHF (approximately 5 x 10-12 mol; a gift from Marcin Filutowicz) to restriction fragments of the appropriate IS50-containing plasmid (approximately 10-12 mol). These reactions were performed in TBE buffer (0.089 M Tris hydrochloride, 0.089 M boric acid, 0.002 M disodium EDTA) in a final volume of 20 ,ul. After preincubation at room temperature for 5 min, 3 ,u of a solution containing 20% (wt/vol) sucrose, 1 mM EDTA, 20 mM Tris hydrochloride (pH 7.5), 0.01% (wt/vol) bromphenol blue, and 0.01% (wt/vol) xylene cyanol was added to the reaction mixture and the samples were loaded onto 1.0% agarose gels. These gels were run at 15 V/cm. After electrophoresis, the gels were stained in ethidium bromide and the DNA was visualized with UV light. These data are not presented.
The procedure described above led to the discovery of one 500-bp-long restriction fragment of IS50 DNA that was significantly retarded by preincubation with IHF before agarose gel electrophoresis. To locate the IHF binding site more precisely, smaller restriction fragments of this region of IS50 were generated and end labeled with 32p. This DNA was preincubated with protein as described above. These fragments were then loaded onto 5% polyacrylamide gels, prepared with TBE buffer, and run at 150 V for 1 to 3 h. The gels were dried and the bands were visualized after a 2-to 5-h exposure to Kodak XAR film.
Equivalent IHF binding results were obtained with Dammethylated and non-Dam-methylated DNA substrates.
RESULTS
Effects of a himD deletion on OE-OE transposition. Figure  3a shows the accumulation of papillae over time for the isogenic strains containing plasmid pRZ1495. This plasmid contains a transposon which utilizes two inverted IS50 OE's, as does transposon TnS. From this plot it can be seen that the level of papillation was highest in Dam-cells that produced IHF. This agrees with previous observations (21) . In Dam-himD cells, however, the level of papillation was (21) .
Effects of a himD deletion on OE-IE transposition. The data in Fig. 3b and c represent the level of papillation observed in the four aforementioned isogenic strains for the transposons in plasmids pRZ1496 and PRZ1497. Plasmids pRZ1496 and pRZ1497 both contain transposons that use inverted GE-IE for transposition, as does ISSO. In pRZ1496, however, the promoter of the transposase gene is proximal to the IE of the transposon, and in pRZ1497 the transposase gene promoter is proximal to the GE (22) . It has been previously shown that the orientation of the transposase gene with respect to the IS50 ends affects the level of transposition (4, 22 In order to approximate the transposition frequency for each GE-IE transposon in the himD strains, mating-out assays were performed. It was determined that in JCM109 the transposition frequencies from the transposons on plasmids pRZ1496 and pRZ1497 were 1.4 x 16±11x1-and 1.6 x 10-5 ± 1.5 x i0-5, respectively. In strain JCM110 the transposition frequencies were 1.1 X 10-3± 1.0 X 10-3 for the transposon on pRZ1496 and 9.5 x 10-3± 4.6 x 10-3 for the transposon on plasmid pRZ1497. These transposition frequencies agree with previously reported values for these transposons (21) and suggest by inference from the papillation data that GE-IE transposition decreases more than 100-fold in Dam-IHF-cells compared with the levels in Fig. 4 show the level of expression of P-galactosidase fusions to the carboxy termini of both the P1 transposase and the P2 inhibitor or to the P1 transposase protein alone. As previously reported, the level of 1S50 protein expression increased in the Dam-cells owing to an increased level of expression of the P1 transposase protein. These (30) , it is possible that IHF plays some structural role in the transposition process.
Preliminary evidence is also presented in this report that IHF can specifically bind in vitro to a region of IS50 DNA that contains a sequence with homology to the consensus IHF binding site. However, the physiological role of this site has not been determined, and the exact points of contact of IHF will have to be defined further through DNA footprinting. Once this is accomplished, a genetic study of this site should reveal its role in vivo.
It has been reported that DNA sequences with homology to the consensus IHF binding site are present in the IS50 IE (21) . Since, under the conditions tested, IHF was not found to retard the electrophoretic mobility of DNA fragments containing the IE, it is possible that direct IHF-IE interactions are not required for modulation of transposition. These data agree with the observations of Makris et al. (21) and of Dodson and Berg (4a) that putative IHF binding sites found at the IS50 IE may not play a direct role in OE-IE transposition. That is, sequence changes in the presumed IE IHF sites do not affect transposition in the expected fashion in dam hosts.
The analysis of the role of IHF in Mu transposition (36) suggests a possible model for its effect on IS50/Tn5 transposition. IHF is thought to facilitate Mu transposition by compensating for an insufficient negative superhelicity in the donor DNA molecule. This supercoiling relief activity of IHF occurs as a result of its binding at an interior site in the Mu genome. How might this mechanism be applicable to the IS50/TnS system? We would need to hypothesize that the lack of Dam methylation has three effects: increase in transposase synthesis (39) , increase in transposase recognition of IE (21, 39) , and change in the superhelical density of the donor vector. This last hypothetical activity might serve to counteract the transposition-enhancing effects of the other two known Dam effects unless a supercoiling relief activity such as IHF were present. This model is currently being tested.
A comparison of the IS50 and IS0 transposition systems yields some interesting similarities. In both systems the role of IHF protein is strongly influenced by the methylation state of the DNAs (29) . In both systems the IHF protein acts as an accessory protein which, under some conditions, can strongly stimulate the reaction being assayed. Finally, in both systems the site on the insertion sequences with which IHF has been implicated in interacting in vitro is closer to the OE than to the IE (29) despite the fact that the GATC dam methylase recognition sites known to influence the level of transposition of both insertion sequences are found in the IE's (21, 29) .
Many factors are common to the functions of both oriC and IS50. These factors include dnaA protein, Dam methylation, and IHF (2, 32) . These factors may have similar roles in promoting the respective functions of each system. One possible role for IHF in each system is to assist in specific DNA wrapping and/or bending that promotes the required interactions for the subsequent function of each DNA sequence (8, 30) .
